Abstract. This research was performed to ascertain the ubiquity of bacterial pathogens which hyper-produced AmpC β-lactamase enzymes in adult catfish cultured in the Nigerian catfish grow-out pond systems. Phenotypic and molecular methods were used to isolate and identify bacterial pathogens that hyper-produced AmpC β-lactamase enzymes. The AmpC β-lactamase enzymes produced by the bacterial pathogens were subsequently characterized by BLASTX and RPS-BLAST bioinformatics software as well as with the Cn3D molecular modelling software. Findings from the present study indicated that pathogenic bacterial strains which hyper-produced the AmpC β-lactamase enzymes were isolated from 49 catfish samples out of the 54 catfish samples which were examined. The pathogenic bacterial strains were mainly identified as Citrobacter freundii MGH 150, Enterobacter cloacae NG 14, and Enterobacter cloacae subspecies dissolvens HKE 15. The AmpC β-lactamase enzymes produced by the bacterial pathogens were also respectively identified as cephalosporinase hydrolyzing class C CMY-LAT-MOX-ACT-MIR-FOX, CMY2/MIR/ACT/EC family class C beta-lactamase, and CMY2/MIR/ACT/EC family class C beta-lactamase. The presence of AmpC enzymes that are hyper-produced by bacterial pathogens which were isolated from almost all the catfish examined calls for urgent monitoring/surveillance of the Nigerian catfish ponds by the relevant regulatory agencies.
Introduction
AmpC β-lactamases are often referred to as cephalosporinases that are not often inhibited by betalactamase inhibitors [1 -3] . These enzymes are found to mainly occur in most of the Enterobacteriaceae and a few other organisms [4] . The genes encoding AmpC β-lactamase enzymes are often located on the bacterial chromosomes [3, 5, 6] .
Several studies [4, 5, 7] have also shown that in organisms such as Escherichia coli, Salmonella species, and Klebsiella species, the genes encoding AmpC β-lactamase enzymes are located on the bacterial plasmids. In aquaculture systems, well-established relationships exist between the hyper-production of AmpC β-lactamase enzymes and the abuse/misuse of antibiotics which often results in the emergence of multidrugresistant pathogens that may cause human illnesses and other health consequences.
Unlike in Europe and the United States [8 -10] , there is a high likelihood that catfish ponds in Nigeria [10 -12] are reservoirs of bacterial pathogens which hyperproduce AmpC β-lactamase enzymes because control of aquaculture operations in catfish ponds is not enforced. Hence, this research was performed to ascertain the ubiquity of bacterial pathogens which hyper-produced AmpC β-lactamase enzymes in adult catfish grown in the Nigerian catfish grow-out ponds. Overall, 54 fresh fattened catfish samples were collected from the catfish grow-out ponds.
Isolation of enteric bacteria which hyper-produced AmpC beta-lactamase enzymes
Enteric bacterial colonies were isolated from the catfish samples by a streak-plating technique in which 100 µl of a series of diluted catfish sample (10 -1 -10 -5 dilutions) were inoculated on to sterile crystal violet red bile agar plates that contained ceftriaxone antibiotic [13] . Incubation of the agar plates was subsequently done at 37 o C for 18 -20 hours, after which bacterial isolates on the agar plates which hyper-produced AmpC beta-lactamase enzymes were detected with phenotypic and molecular methods [13 -15] .
Genus-level identification of enteric bacterial isolates which hyper-produced AmpC beta-lactamase enzymes
The phenotypic techniques employed for the genus-level identification was performed with standard methods [13, 16] . Hemolysis test (hemolysin expression) was performed with nutrient agar plates containing 5 % human erythrocytes on which the bacteria isolates were grown under aerobic conditions [17] . Hemolysin virulence trait was confirmed with the polymerase chain reaction technique (PCR) [18] . AmpC beta-lactamaseproducing bacterial isolates that exhibited β-hemolytic traits were confirmed as AmpC beta-lactamaseproducing bacterial pathogens.
Species-level identification of enteric bacterial pathogens which hyper-produced AmpC betalactamase enzymes
PCR and DNA sequencing were performed on the ultrapure DNA templates of the pathogenic bacterial isolates as previously described [13, 19] . Taxonomic classification of the pathogenic bacterial isolates was confirmed by a search of the 16S rRNA database of bacteria and archaea in the GenBank. The reference sequence having the highest score in terms of sequence similarity and sequence identity was considered the best match for a given query bacterial isolate.
Characterization of AmpC beta-lactamase enzymes produced by the enteric bacterial pathogens
The three-dimensional (3D) domains of the enzymes was annotated with the Cn3D version 4.3 modelling software in order to understand the structure/function relationships associated with the AmpC beta-lactamase enzymes.
Data analysis
NCSS data analysis software was used to statistically describe the prevalence datasets. Table 1 represents the prevalence of AmpC betalactamase enzymes in fattened catfish samples collected from catfish ponds in Nigeria. High prevalence of bacterial resistance to phenotypic markers (amoxicillin plus clavulanic acid antibiotics combination and ceftazidime antibiotic) of bacteria which hyper-produced AmpC β-lactamase enzymes was seen in the catfish samples. Of the 324 ceftriaxone-resistant bacterial isolates examined, 282 isolates were resistant to amoxicillin plus clavulanic acid antibiotics combination; while 263 isolates were resistant to ceftazidime antibiotic. Sequence analysis of the PCR products obtained from 282 presumptive bacterial isolates indicated that 237 of the presumptive isolates hyperproduced AmpC β-lactamase enzymes. Bacterial pathogens producing these AmpC β-lactamase enzymes were isolated from 49 catfish samples out of the 54 catfish samples which were examined.
Results and discussion

Prevalence of AmpC beta-lactamase enzymes in the aqua-cultured catfish
Identification of enteric bacterial pathogens which hyper-produced AmpC beta-lactamase enzymes
The enteric bacterial pathogens were identified as Enterobacter cloacae and Citrobacter freundii ( Table 2) . GenBank accession numbers for some deposited novel AmpC β-lactamase-producing pathogenic strains were MH071286, MH027595, and MH027596. Enterococcus faecalis and Escherichia coli (Table 2) were reported as non-pathogenic species because they exhibited no hemolytic trait. Table 1 . Prevalence of AmpC beta-lactamase enzymes N: the total number of ceftriaxone-resistant bacterial isolates examined; n: number of presumptive AmpC β-lactamase-producing bacterial isolates examined; C: the total number of catfishes analyzed. 
Characterization of AmpC beta-lactamase enzymes
As shown in Figure 1 , BLASTX conducted on the translated nucleotide sequence of the query protein genes in the pathogenic bacterial isolates obtained from the catfish revealed that they produced AmpC β-lactamase enzymes that could inhibit the antibacterial activity of cephamycins, latamoxef, moxalactam, and cefoxitin. The deposited AmpC beta-lactamase enzymes produced by the isolated pathogenic bacterial strains and their respective translated nucleotide sequences have also been assigned the following GenBank accession numbers: AXH01352, AXH01353, AXH01354, MH110561, MH110562, and MH110563.
The 3D domain structure of the AmpC β-lactamase enzymes produced by the bacterial pathogens is shown in Figure 2 .
Findings from this research indicated that bacterial pathogens isolated from the fattened catfish samples hyper-produced AmpC β-lactamase enzymes. The hyperproduction of AmpC β-lactamase enzymes commonly occur under antibiotic treatment [6, 20] , thus, confirming that antibiotics may be grossly abused during aquaculture operations in the Nigerian catfish ponds. Since there were no published data from other Nigerian authors to compare findings of the present study, this may be the first empirical report in Nigeria of induced AmpC betalactamase enzymes in the fattened catfish collected from Nigerian catfish ponds. Several studies [11, 12] have shown that antibiotics may be grossly abused during aquaculture operations in the Nigerian catfish ponds. There were also no published data implicating aquaculture-produce from European countries as reservoirs of AmpC β-lactamase-producing bacteria. The findings of Boss et al. [10] who reported that no multidrug-resistant bacteria were found in aquaculture-produce collected from European aquaculture systems [10, 13] is an indication that AmpC β-lactamase enzymes may probably not be present in the aquaculture-produce since antibiotics were rarely abused in the European aquaculture systems [8] .
Conclusion
The study revealed that AmpC β-lactamase-producing bacterial pathogens were harbored in catfish cultured in the Nigerian grow-out ponds. These bacterial pathogens could be directly transmitted to humans or indirectly transmitted via a horizontal transfer of the inducible AmpC β-lactamase genes to clinically relevant pathogens which may ultimately cause illnesses that are very difficult to treat. Hence, relevant regulatory agencies in Nigeria should commence intensive surveillance of catfish ponds to ameliorate the burden of multidrugresistant bacterial pathogens.
